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 Abstract 
Tavleen Kochar (B.S. Chemistry and Biology) 
 
The Effects of Ozone on Compounds in Epicuticular Waxes in Plant Leaves 
 
Thesis Directed by Dr. Teresa Longin 
 
We investigated the direct chemistry of ozone on selected compounds found in plant 
epicuticular waxes by comparing the standard to the ozonized product using various analytical 
techniques. Ozone is a reactive environmental pollutant that impacts the structure of epicuticular 
waxes on plant leaves. It is unclear whether this change in structure is caused by a modification in 
plant biochemistry or due to ozone having a direct effect on the compounds found in the 
epicuticular waxes. Standards of 1-octadecanol, palmitic acid, oleanolic acid, flavanone, 
quercetin, ferulic acid and methyl decanoate were chosen to be representative of compounds 
found in epicuticular waxes. Each standard was individually exposed to excess amounts of ozone 
and reacted in a Teflon bottle for a prolonged period prior to analysis. Both the standard and the 
ozonized product were analyzed using 1H NMR, 13C NMR, CRAFT NMR, HSQC NMR and 
HPLC-QToF-MS. We found that the 1-octadecanol, oleanolic acid, quercetin and ferulic acid all 
showed evidence of reaction with ozone; however, the complexity of the spectra has made it 
difficult to deduce possible structures for the ozonized products. Further analysis of these 
compounds is required to determine the specific chemistry that is occurring at the molecular level, 
which in turn may help explain the macroscopic damage observed in epicuticular waxes in the 
presence of ozone.  
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 1 
Introduction 
 As humans cultivate acres of land daily for agricultural and economical purposes, we are 
also constantly changing our surroundings by introducing various chemicals and pollutants such 
as ozone into the environment. These environmental changes have been shown to affect the health 
of the plants and fruit that we harvest and utilize, particularly the epicuticular waxes found on 
plant cuticles.  
1.1 Structure and Function of Epicuticular Waxes 
The plant cuticle is a thin extracellular layer that covers the primary aerial surfaces of the 
plant to provide a protective barrier between the intracellular space of the plant and its 
surroundings. The cuticle also aids in preventing water loss through epidermal conductance 
during stomatal closure.1 The stomata are small pores in the plant leaves that regulate water and 
gas exchange between the plant and its environment. When the plant is under drought stress, the 
pores close causing the gas exchange and water vapor loss to decrease significantly, which 
consequently also stops photosynthesis.2  
The cuticle is comprised of two major components. The first component consists of 
lipophilic molecules that can be isolated through solvent extraction, which are collectively known 
as cuticular waxes. The second component is comprised of cutin, which are lipophilic compounds 
that cannot be extracted due to its composition of polymeric polyesters.3 The cuticular waxes are 
deposited into the cutin polymer to form the intracuticular waxes, and onto the outer surface of 
the cuticle to form the epicuticular waxes (Figure 1). Epicuticular waxes are of interest because 
they are involved in preventing excessive water loss, protecting the living tissue of the plant from 
external attack including UV light, and influencing the uptake of chemicals such as pesticides.4  
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Figure 1. Cuticle composition of plant epidermal cells 5 
 
 The composition of epicuticular waxes has been studied extensively. The specific 
functional groups found in epicuticular waxes vary depending on the leaves that are being 
examined. However, all epicuticular waxes are composed of long-chained aliphatic compounds 
with an array of substituted functional groups, which may include: alkyl esters, alcohols (which 
includes primary alcohols, secondary alcohols, and diols) and carbonyl groups (i.e. aldehydes and 
ketones). Additionally, long-chained fatty acids, triterpenes, and flavonoids such as quercetin and 
flavanone (Figure 2) have also been found in many plant waxes. 6  
 
  
 
 
 
Figure 2. Structures of common flavonoids, such as quercetin (a) and flavanone (b) found in plant 
epicuticular waxes 
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 1.2 Extraction of Epicuticular Waxes from Plant Leaves 
In order to study the specific components of epicuticular waxes, the wax first needs to be 
extracted from the rest of the plant cuticle. While various techniques can be used, the general 
method utilized to extract the plant wax from the rest of the leaf is to immerse the matured plant 
leaves in an organic solvent such as dichloromethane1 or chloroform,7 followed by a workup step 
to purify the extract. Purification steps may include drying, filtering and evaporating the solvent 
under reduced pressure 8 or separating the components through chromatographic techniques such 
as thin layer chromatography.9 Once the epicuticular waxes have been separated, various 
analytical methods can be used to study its composition. These methods included using thin-layer 
chromatography (TLC), 7 gas chromatography with flame ionization detector (GC-FID),10 gas-
liquid chromatography (GLC),11 liquid chromatography-mass spectrometry (LCMS), 8 gas 
chromatography-mass spectrometry (GS-MS), electrospray ionization with tandem mass 
spectrometry (ESI-MS/MS) 4 and 13C NMR.12  
1.3 Ozone and its Adverse Effects on the Environment 
Studies have shown that the composition of plant epicuticular waxes can be influenced 
and altered by chemicals found in the environment, such as secondary pollutants and pesticides. 
One harmful secondary pollutant that has significantly increased in concentration over the past 
century is tropospheric ozone (O3).13 During the last century, the tropospheric ozone 
concentration has more than doubled and is increasing annually at a rate of 0.5-2% due to human 
activity.13 Ozone is generated in the atmosphere when volatile organic compounds (VOC) react 
with primary air emissions of nitrogen oxides (NOx) under warm temperatures in the presence of 
sunlight.13 (Equation 1) 
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Equation 1. Ozone formation in the troposphere through reaction of volatile organic compounds (VOC) 
with nitrous oxides (NOx) 14 
 
Ozone is a significant stressor of more than 25% of the world’s forests and continues to 
remain a major threat to a large population of forests across the world.15 The effects of ozone on 
plant leaves can be detected through changes in plant gene expression, which in turn can lead to 
modifications in the biochemistry and physiology of the plants. These changes can influence the 
productivity of the plants by predisposing them to pest attack and decrease their efficacy of water 
use. Ozone can also be a phytotoxic substance at certain concentrations, which can stunt plant 
growth and development. As ozone enters the plant tissues through the stomata, reactive oxygen 
species (ROS) are generated, which trigger an oxidative burst. These ROS can inhibit 
photosynthesis and reduce growth by triggering several signal transduction pathways that are 
involved in responding to the oxidative stress. 13 Because plant health is of great importance for 
agricultural and economical purposes, it is imperative that the effects of ozone on epicuticular 
waxes are thoroughly investigated.  
Another significant effect of ozone is on the health of the plant surface and its waxes. 
Percy et. al. examined the effects of ozone on Norway spruce (Picea abies) needle epicuticular 
5 
 wax over the course of three years.13 They found that as the waxes were exposed to ozone at 
twice the usual concentration of ambient ozone, there was an opposing trend in the biosynthesis 
of secondary alcohols and fatty acids, where the amount of secondary alcohols was reduced by 
9.1% and the amount of fatty acids was increased by 29%.13 These results indicated that the 
characteristics of epicuticular waxes could be altered as a result of ozone exposure (Figure 3).13  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Scanning electron micrographs (SEM) of epicuticular wax structure of Norway spruce needles 
with surfaces exposed to ambient O3 in 2000 (a) and 2002 (b), and 2x ambient O3 in 2000 (c) and 2x 
ambient O3 in 2002 (d). When exposed to ambient O3, there was a small, observable change in the amount 
of epicuticular wax crystals found on the surface of the needles after two years of ozone exposure. 
However, when the surface of the needle was exposed to twice ambient concentrations of ozone for two 
years, there was a noticeable decrease in the deposition of epicuticular wax crystals on the needle surface.13  
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 Barnes et. al. also studied ozone effects on the Norway spruce needle with their focus on the rate 
of wax degradation due to prolonged ozone exposure. 15 The study found that ozone accelerated 
the natural ageing of the waxes found on the surface of the needle.15 It is important to note that 
these studies did not examine the specific chemistry that was occurring in these epicuticular 
waxes which would provide an explanation for the observed changes.  
1.4 Ozonolysis of Various Functional Groups 
 In order to understand the impact that ozone has on epicuticular waxes at the macroscopic 
level, the reactions that ozone undergoes with different functional groups must first be examined. 
A major functional group that ozone is likely to react with is an alkene. An alkene reacts with 
ozone by following the Criegee mechanism (Figure 4). 16  
 
 
 
 
 
 
 
 
 
Figure 4. Criegee mechanism of reaction of ozone with olefins 16 
 
Secondary alcohol groups are predicted to be oxidized to a ketone. Primary alcohols can 
be oxidized to form either an aldehyde (1) or a carboxylic acid (2) (Figure 5). 17 
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Figure 5. Ozonation of alcohols to form an aldehyde (1) or carboxylic acid (2) 17 
 
In aqueous solutions, primary alcohols have been found to form aldehydes and carboxylic acids 
through the formation of a hydrotrioxide intermediate (R-OOO-H), followed by decomposition. If 
an aldehyde is to be formed, water and oxygen are released as side products. For a carboxylic acid 
to form, hydrogen peroxide is observed as a side product. 17  
 Aldehydes have been determined to form carboxylic acids when ozonized (Figure 6) 17. 
 
 
 Figure 6. Ozonation of aldehyde to form a carboxylic acid 17  
 
Although alkanes comprise a large percentage of epicuticular waxes, they are not expected 
to be very reactive with ozone. Carboxylic acids are also not likely to become further oxidized, 
especially if found on long-chain carbons. Ketones may be expected to react at room temperature, 
but at a very low rate.17 
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 Many sensitive functional groups that have the capability to react with ozone are found in 
major classes of compounds that are commonly found in epicuticular waxes. For example, 
triterpenes all contain alkene functional groups that can react with ozone through the Criegee 
mechanism. The major classes of flavonoids contain ketones that can potentially react over a 
longer period of time (Figure 2). Long-chain fatty alcohols can react to form either an aldehyde or 
carboxylic acid if a primary alcohol, or a ketone if a secondary alcohol.  
1.5 Analytical Techniques  
For this research, two major classes of analytical methods were used to examine the 
effects of ozone on epicuticular wax: nuclear magnetic resonance (NMR) and electrospray mass 
spectrometry. For NMR, both 13C and 1H NMR were used alongside complete reduction to-
amplitude frequency table (CRAFT) NMR and heteronuclear single quantum coherence (HSQC).  
CRAFT NMR is a two-step approach to free induction decay (FID) analysis, where either 
one or multiple FIDs are converted into their constituent NMR signals, which include chemical 
shift, amplitude and linewidth table.18 The general workflow for performing CRAFT NMR is to 
first collect the data, create a study cluster, assign the region of interests (ROIs) within the cluster, 
extract the NMR components, generate the amplitude frequency table and finally analyze. A study 
cluster contains two or more FID spectra of interest that are aligned for comparison. The region of 
interest contains the relevant ppm peaks for that compound that can be utilized by CRAFT for 
analysis.19 CRAFT is advantageous in quantifying the NMR data because the program generates a 
data spreadsheet consisting of the frequency of each signal (ppm), the amplitude of the peak, and 
the peak width (Hz), all of which can be used to determine if a chemical change has occurred after 
the reaction in the region of interest. CRAFT is also useful for aligning the FID spectra contained 
in the study cluster prior to analysis so that all the ROI peaks are in phase of each other.19 
9 
 HSQC is a two-dimensional NMR technique, where 1H is coupled with 13C to provide a 
correlation between aliphatic carbons and its hydrogens. HSQC can be used to first identify which 
hydrogens are coupled with the carbons in the standard compound, and then can be used to 
determine if any hydrogen-carbon correlation has changed or disappeared, indicating a chemical 
change in the compound.20 
 Electrospray mass spectrometry is another technique used to identify compounds in a 
sample, which is done through ionization of the sample followed by visualization of the different 
fragment peaks obtained from the mass spectrometry on a chromatogram. The instrument uses 
electrospray ionization (ESI) to ionize the sample by nebulizing the sample solution into 
electrically charged droplets. The analyte is dissolved in a solvent that usually contains a low 
concentration ion source, such as formic acid. When the sample solution is being pushed through 
a capillary tube, a high electric field is established at the tip of the tube, which pulls any positive 
(or negative) charges toward a liquid front. As the electrostatic repulsion exceeds the surface 
tension, small electrically charged droplets leave the surface and travel through the surrounding 
gas and toward the counter electrode. Once the droplets have been formed, the ions are liberated 
from the droplets. Finally, the free ions are transported from the atmospheric pressure ionization 
source into the vacuum and mass analyzer of the mass spectrometry (Figure 7).21  	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Figure 7. Mechanism of ion formation in electrospray ionization (ESI) 22  
 
For this research, an electrospray mass spectrometry was used with a time-of-flight mass 
analyzer for qualitative analysis. The time-of-flight measures the time it takes for the expelled 
ions to reach the detector. Ideally, the kinetic energy of all the ions is the same. Because kinetic 
energy is equal to half of the mass of the ion times the square velocity, the ions with a smaller 
mass will be able to travel faster in the drift tube and reach the detector sooner than the heavier 
ions.22 Both positive and negative ion modes were utilized for detecting and analyzing the 
analyte. The formation of positive and negative ions is dependent on the sign of the applied 
electrical field. In positive ion mode, the analyte is protonated from a small concentration of 
proton source found in the HPLC-grade solvent. Negative ion mode is useful for detecting an 
analyte that contains acidic hydrogens as the compound is deprotonated during electrospray 
ionization.23  
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  In this paper, different standards were chosen based on compounds that are naturally 
found in epicuticular waxes. The standards that were examined include: oleanolic acid, quercetin, 
palmitic acid, octadecanol, flavanone, ferulic acid and methyl decanoate (see Appendix A). Both 
the NMR and mass spectrometry data were collected and assessed before and after ozone 
exposure in order to see if a reaction had occurred and if so, what products were potentially 
forming after the ozonolysis reactions. The overall goal is to determine what specific chemistry 
occurs that could lead to macroscopic damage in the epicuticular waxes of leaves.  
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 Experimental Methods 
 Compounds found in epicuticular waxes were selected to be representative standards for 
experimentation, which included: 1-octadecanol (ReagentPlus, 99%), palmitic acid (P0500 
Sigma, ≥ 99%), oleanolic acid (05504 Aldrich, ≥ 97%), flavanone (102032 Aldrich, 98%), 
quercetin (Q4951 Sigma, ≥95% HPLC), trans-ferulic acid (128708 Aldrich, 99%) and methyl 
decanoate (299030 Aldrich, 99%). All standards were obtained from Sigma-Aldrich and used as 
received.   
2.1 Solubility Determination of Standards 
Solubility tests were conducted on the representative standards to determine which 
deuterated solvents could be used for NMR analysis, and which LC-MS-grade solvents could be 
used for HPLC-QToF-MS analysis (Table 1). If the compound was not completely soluble in the 
solvent, the solution was sonicated in a water bath. If solvation still did not occur, then it was 
concluded that the compound was not soluble in that solvent.  
2.2 Characterization of Standards 
The standards were first characterized by obtaining a 1H NMR (Varian 400-MR 400 MHz 
Nuclear Magnetic Resonance Spectrometer (2008)). Additionally, CRAFT NMR was used to 
obtain the chemical shifts of the various peaks (see Appendix B). Each standard was dissolved in 
its appropriate solvent (see Table 1) and the FID was collected and analyzed.  
The standards were then dissolved in their respective LC-MS-grade solvents (see Table 1) 
and tested with the HPLC-QToF-MS (Agilent 6530 HPLC-QTOF High Performance Liquid 
Chromatograph-Tandem Mass Spectrometer (Quadrapole MS/ Time-of-flight MS), (2011)) to 
determine which m/z fragments were representative of the compound. Each compound was 
analyzed under both positive and negative modes and the various m/z fragments were recorded. 
13 
 An isocratic solvent method was developed for each standard and the compound was run through
a bypass rather than the HPLC column (see Appendix C). The quadrupole was not utilized for 
mass spectrometry analysis. The pump rate of the instrument was 0.4 mL/min with an injection 
volume of 2.5 µL. All LC-MS-grade solvents contained approximately 0.1% formic acid to 
provide a proton source when the analyte underwent ionization via ESI. All LC-MS grade 
solvents were obtained from Honeywell and used as received. The HPLC-QToF-MS instrument 
was tuned before every use in either the negative or positive ion mode, depending on which mode 
was to be used for the samples.  
 
Table 1. Solvents used to dissolve various representative standards for NMR and HPLC-MS 
analysis  
 
Standard NMR Solvent HPLC-QToF-MS Solvent  
1-octadecanol CDCl3 100% ACN* 
Palmitic acid CDCl3 100% ACN 
Oleanolic acid Acetone-d6 DMSO-d6 
100% ACN 
Flavanone CDCl3 50:50 ACN/H2O 
Quercetin Acetone-d6 DMSO-d6 
50:50 ACN/H2O 
Ferulic acid Methanol-d4 DMSO-d6 
50:50 ACN/H2O 
Methyl decanoate CDCl3 50:50 ACN/H2O 
 
* ACN = acetonitrile 
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 2.3 Ozonolysis Reactions 
A general method was followed when performing ozonolysis reactions on the various 
standards. Approximately 1 mmol of the selected standard was dissolved in its respective solvent 
(see Table 1) in a Teflon bottle. The solvent was then evaporated with a stream of compressed air 
to create a slurry that coated the bottom of the bottle. Ozone was then added in excess into the 
bottle using an oxygen source and the Pacific Ozone Gas Generator at a flow rate of 10 SCFH O2. 
The reaction was allowed to sit for a at least two days before analysis by NMR and HPLC-QToF-
MS. Ferulic acid was subjected to both wet and dry conditions, where a wet condition was 
simulated by adding one drop of water into the Teflon bottle.  
2.4 NMR Studies 
The ozonized product was dissolved in its respective NMR solvent and a proton FID was 
obtained. The FID was compared to the standard FID by creating a cluster. CRAFT NMR was 
then used to compare the various chemical shifts, amplitudes and frequencies. HSQC-NMR was 
also utilized for further analysis of certain ozonized products by comparing the 2-D FID of the 
product to that of the standard. 
2.5 HPLC-QToF-MS Studies 
The ozonized product was dissolved in its respective LC-MS-grade solvent. The 
concentration of the product varied between 10-100 µg/mL depending on the signal strength. The 
HPLC-QToF-MS method that had been developed for each standard was also utilized for the 
respective ozonized product. The mass spectra obtained from the standard and from the solvent 
background were subtracted from the ozonized product mass spectrum to heighten the new peaks. 
Each product was analyzed under both positive and negative mode, and a molecular formula for 
each new generated peak was obtained using the Agilent software formula calculator. 
15 
 2.6 Experimentation Using an Internal Standard 
 Naphthalene was tested as a possible internal standard for ozonolysis of ferulic acid. 
Naphthalne flakes (Sigma-Aldrich, 99%) were used as received. A solubility test was conducted 
with the naphthalene standard to ensure the same solvent could be used to dissolve both the 
internal standard and ferulic acid. The naphthalene standard was first characterized by 1H NMR 
and HPLC-QToF-MS. Naphthalene was then reacted with ozone in the same experimental setup 
as the representative standards, and the products were analyzed using NMR and LC-MS. 
Next, 1 mmol of naphthalene was added to 1 mmol of ferulic acid, and an ozonolysis 
reaction was performed using the same experimental setup as the representative standards. The 
products were characterized by NMR and LC-MS. 
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 Results and Discussion 
 The standards examined were chosen because they are either actually found in epicuticular 
waxes or are representative of commonly found classes of compounds that might have the 
capability to react with the ozone.  
 Potential functional groups that may have formed on the ozonized product can be 
speculated about based on solution chemistry. The product may also react with adjacent 
molecules to form dimers or oligomers, which would complicate structural analysis. However, 
solution chemistry does give us a starting point for proposing possible structures and mechanisms 
of formation.  One of the short-term goals of this project was to see which, if any, of the standards 
reacted with ozone in the solid state. An additional goal was to see how complicated any reaction 
mixtures might be, and to develop ways to simplify and interpret complicated results. 
3.1 Reaction of 1-octadecanol 
 1-octadecanol is a primary alcohol found in epicuticular waxes of leaves from various 
species. The region of interest for reaction is the primary alcohol and the α-carbon (Figure 8). 
 
 
Figure 8. Structure of 1-octadecanol.  
 
A mass spectrum was not obtained by HPLC-QToF-MS for 1-octadecanol. It is speculated 
that the alcohol group did not readily protonate or deprotonate due to the formation of an unstable 
ion and the alkane region of 1-octadecanol is not particularly reactive to protonate or deprotonate 
under ESI. However, the standard was characterized by 1H NMR: C18H38O (mol.wt. 270.49): 1H 
NMR (CDCl3, 400 MHz) – δ 3.625 (2H, t), 1.56 (2H, p), 1.55 (1H, s), 1.26 (2H, m), 0.89 (3H, t). 
 
OH
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 When the 1-octadecanol was exposed to ozone, two new peaks were observed. A cluster 
of the FIDs obtained from the standard (1) and the ozonized product (2) was created and aligned 
using CRAFT NMR. The two new peaks were determined by CRAFT to have chemical shifts of 
at δ 3.40 and 2.79 ppm (Figure 9).  
 
Figure 9. FID Cluster of 1-octadecanol standard (1) and 1-octadecanol ozonized product (2).  
Two new peaks are observed on FID 2 at δ 3.4 and 2.8 ppm. 
 
 
 
 
 
 
 
2 
 
 
1 
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 Because a mass spectrum could not be obtained for either the standard or the product, no 
molecular formula was obtained for the ozonized product. The two new peaks suggest that an 
alkyl oxide, a ketone or an ester may have formed when the standard was exposed to ozone had 
this been solution chemistry. It is also possible that the ozonolysis product may have also 
oligomerized, which would be difficult to analyze based on solution chemistry. However, we can 
speculate that an ether, aldehyde, carboxylic acid, ester or ketone may form.  See Appendix D for 
complete NMR spectra. 
3.2 Reaction of Ferulic Acid 
 Ferulic acid has been identified in epicuticular waxes of some plant species. 24 The 
compound contains an alkene bond that is a region of interest for reaction (Figure 10).  
 
 
 
 
 
 
Figure 10. Structure of ferulic acid 
 
 The ferulic acid standard could be observed under both NMR and mass spectrometry: 
C10H10O4 (mol.wt. 194.18): negative ion ESI-MS m/z 193.0509 [M –H]–; 1H NMR (CD3OD, 400 
MHz) – δ 12.2 (1H, s), 9.57 (1H, s), 7.52 (1H, d), 7.30 (1H, s), 7.11 (1H, d), 6.82 (1H, d), 6.40 
(1H, d), 3.84 (3H, s).  
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 Mass fragment peaks were also observed in positive mode, but the m/z was much larger 
than one single ferulic acid molecule (Figure 11). It is possible that the ferulic acid forms 
oligomers readily in the electrospray and that the expected m/z ratios for one ferulic acid 
compound is not observed in positive ion mode. It is also possible that the peaks observed are due 
to a contaminant in the ferulic acid standard. 
 
 
Figure 11. Mass spectrum in positive mode of ferulic acid standard. 
 
 The standard was reacted with ozone under two different conditions: dry and wet (1 
droplet of deionized water added into the bottle). A proton NMR revealed the appearance of two 
new peaks at δ 8.09 and 7.80 ppm, which were seen under both conditions (Figure 12). 
20 
 
 
	  
Figure 12. FID Cluster of ferulic acid standard (1) and ferulic acid ozonized product under dry conditions 
(2) and ferulic acid ozonized product under wet conditions (3). Two new peaks are observed on FID 2 and 
3 at δ 8.09 and 7.80 ppm 
 
1 
2 
3 
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3 
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 When looking at the mass spectra of ozonized ferulic acid under negative ion mode, it 
was difficult to see a significant change in peaks. However, under positive ion mode, significant 
new peaks were observed. Looking at the mass spectrum of the reacted ferulic acid under dry 
conditions, two new fragments appear at m/z of 305.0425 and 439.0808, which corresponded to 
possible chemical formulas of C26H14O7 [M+H]+ and C16H10O5 [M+Na]+, respectively (Figure 13).  
 
Figure 13. Mass spectrum in positive mode of ozonized ferulic acid product under dry conditions.  
 
Under the wet conditions, a strong new peak appeared at 289.0126 on the mass spectrum, which 
gave rise to the chemical formula C17H4O5 [M+H]+ (Figure 14). 
Figure 14. Mass spectrum in positive mode of ozonized ferulic acid product under wet conditions 
22 
 The new NMR peaks between at δ 8.09 and 7.80 ppm on both the wet and dry ozonized 
products suggests that the ferulic acid is undergoing similar chemistry under both conditions. 
However, the mass spectra for the ozonized products under the two conditions do not have similar 
base peaks or potential chemical formulas. The variation in base peaks might be due to different 
fragmentation, or that the compound is reacting with itself to form oligomers. The observed 
spectral peaks have been reproducible, suggesting that the ferulic acid follows a certain 
mechanism of reaction when exposed to ozone. Based on the NMR and mass spectra, it is 
possible a formate ester formed during ozonolysis. If the reaction was under solution, it is 
expected that a secondary ozonide would form on the alkene bond, which is a good starting point 
for our speculations.  
The reaction of ferulic acid was also examined in the presence of an internal standard, 
naphthalene, to see if the naphthalene could be used to quantify how much ferulic acid reacted. 
The naphthalene standard and its ozonized product were characterized by proton NMR and by 
mass spectrometry. It was found that the naphthalene did not react with the ozone, as there was no 
change in the NMR or mass spectra, thus it was determined that naphthalene could be used a good 
internal standard. Next, a known concentration of naphthalene flakes were mixed with the ferulic 
acid, and the compounds were allowed to react with ozone under wet and dry conditions. The 
ferulic acid peaks were integrated to the naphthalene peaks on the 1H NMR. The mass spectrum 
of the ferulic acid/naphthalene ozonized product under the dry condition was obtained in positive 
ion mode, with the ferulic acid and naphthelene standard subtracted from the spectrum (Figure 
15). 
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Figure 15. Mass spectrum of ferulic acid/naphthalene ozonized product under dry conditions in positive 
mode  
 
 
 Looking at the mass spectra obtained for ferulic acid in the presence and absence of 
naphthalene, the same significant peaks at m/z 439 and 305 can be seen. This confirms that 
naphthalene does not react with the ozone and can be used as an internal standard for ferulic acid 
The mass spectrum obtained for the ferulic acid/naphthalene ozonized product under the 
wet conditions was not accurate because the compound was not analyzed until many days after 
the analysis of the products under dry conditions. This may have lead to different chemistry due 
to increased ozone exposure and possibly decomposition of compounds. See Appendix E for 
complete NMR and mass spectra.  
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 3.3 Reaction of Oleanolic Acid 
 Oleanolic acid is a common terpene found in many plant leaves. It contains an alkene that 
may be a potential region of interest for reaction. There is also a secondary alcohol group that 
may react with ozone or nearby compounds (Figure 16). 
 
 
  
 
 
 
 
 
Figure 16. Structure of oleanolic acid 
 
The NMR spectrum for the oleanolic acid standard was complicated. However, the mass 
spectrum gave m/z ratios: C30H48O3 (mol.wt. 456.70): positive ion ESI-MS m/z 439.3578 [M+H – 
H2O]+ (Figure 17), negative ion ESI-MS m/z 455.3560 [M –H]–. 
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Figure 17. Mass spectrum of oleanolic acid standard in positive mode.  
 
When oleanolic acid reacted with ozone, the mass spectrum gave rise to the following m/z 
peaks: positive ion ESI-MS m/z 473.3655 [M+H]+, 495.3477 [M+Na]+, 999.6919 [M+Na]+. A 
chemical formula of C30H48O4 was predicted by the formula calculator for the first two significant 
peaks, and C60H96O10 for the third peak (Figure 18).  
 
Figure 18. Mass spectrum of oleanolic acid ozonized product in positive mode  
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 Unfortunately, oleanolic acid became too expensive to pursue any further analysis. 
However, it is evident by mass spectrometry that the compound did in fact react with ozone to 
generate new products. Some potential functional groups that we may expect to see in solution 
includes forming a secondary ozonide on the alkene and oxidizing the secondary alcohol into a 
ketone. It is difficult to determine from the NMR spectrum if these functional groups formed. 
Further NMR and mass spectra for the unreacted standard and the ozonized products are shown in 
Appendix F. 
3.4 Reaction of Quercetin 
 Quercetin is a yellow flavonol compound found in certain plant leaves. It contains an enol 
group that is susceptible for reaction (Figure 19). 
 
 
 
 
 
Figure 19. Structure of quercetin 
 
The 1H NMR and mass spectra were obtained for quercetin standard: C15H10O7 (mol.wt. 
302.24): negative ion ESI-MS m/z 301.0361 [M –H]– (Figure 20); 1H NMR (DMSO, 400 MHz) – 
δ 7.73 (1H, d), 7.62 (1H, dd), 6.87 (1H, d), 6.37 (1H, d), 6.17 (1H, d)  
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Figure 20. Mass spectrum of quercetin standard in negative ion mode 
 
When the quercetin was exposed to ozone, evidence of a reaction was observed in both the 
NMR and mass spectra. For the 1H NMR spectrum, a new peak was observed at δ 8.10 ppm. This 
peak has been seen multiple times when the reaction was repeated, thus indicating that this 
reaction has reproducible results. A HSQC spectrum was obtained for both the standard (Figure 
21) and ozonized product (Figure 22) to determine if the new hydrogen peak was correlated to a 
carbon. 
28 
 
Figure 21. HSQC of quercetin standard 
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Figure 22. HSQC of quercetin ozonized product 
 
It was found that there was no hydrogen-carbon correlation for that peak, thus suggesting 
that the hydrogen might be found on an oxygen. For the mass spectrum, a new peak was observed 
under negative mode at 211.0238 [M –H]–, which had a postulated chemical formula of C9H8O6 
(Figure 23). 
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Figure 23. Mass spectrum of quercetin ozone in negative ion mode  
  
 
We are currently considering possible structures for the solid-state ozonolysis products of 
quercetin. Based on the NMR and mass spectra, it is possible that a formate ester, a new alcohol 
or a ketone may have formed. The NMR peak observed at δ 8.10 ppm has been seen repeatedly in 
the ozonized product of quercetin. The functional groups that can form in solution include a 
secondary ozonide on the alkene and a ketone formed through keto-enol tautomerization, which 
provide a starting point for us to consider. See Appendix G for complete NMR and mass spectra. 
3.5 Reaction of Palmitic Acid 
 Palmitic acid is a common fatty acid found in plants. It has a carboxylic acid group, which 
is the region of interest should there be a reaction (Figure 24). 
 
 
 
 
Figure 24. Structure of palmitic acid. 
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 Palmitic acid standard was characterized by mass spectrometry and 1H NMR: 
C16H32O2 (mol.wt. 256.42): negative ion ESI-MS m/z 255.2294 [M – H] –; 1H NMR (CDCl3, 400 
MHz) – δ 12. (1H, s), 2.45 (2H, t), 1.26 (2H, m), 0.878 (3H, t) 
 When the standard reacted with ozone, there was no change in either the NMR or mass 
spectra, suggesting that the carboxylic acid group did not react with the ozone. Further NMR and 
mass spectra for the unreacted standard and the ozonolyzed products are shown in Appendix H. 
3.6 Reaction of Flavanone 
 Flavanone is another common flavonoid. It contains a ketone group that may be reactive 
with ozone (Figure 25). 
 
 
 
  
 
Figure 25. Structure of flavanone.  
 
The flavanone standard showed up in both the 1H NMR and mass spectra: 
C15H12O2 (mol.wt. 224.25): positive ion ESI-MS m/z 225.0906 [M+H]+; 1H NMR (CDCl3, 400 
MHz) – δ 7.932 (1H, d), 7.50 to 7.47 (3H, m), 7.432 (2H, t), 7.385 (1H, t), 7.05 (2H, d),  
5.47 (1H, t), 3.073 (1H, d), 2.886 (1H, d).  
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  Flavanone did not show any signs of reaction after ozonolysis as indicated by NMR and 
mass spectrometry. This conclusion corresponded with the literature (CITE), which speculated 
that benzenes, ketones and alkanes are not very likely to react with ozone. Complete NMR and 
mass spectra can be seen in Appendix I 
3.7 Reaction of Methyl Decanoate 
 Methyl decanoate is a long-chain ester that is representative of other alkyl ester groups 
found in epicuticular waxes. The ketone and alkyl-oxide group are regions of interest for the 
compound (Figure 26).  
  
 
 
Figure 26. Structure of methyl decanoate  
 
 Methyl decanoate has not yet been examined when exposed to ozone, but is part of the 
continuing studies. The ester group is susceptible to ozone so it might show some interesting 
chemistry.  
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 3.8 Summary of Results 
A summary of the results obtained by NMR and mass spectrometry are given in the table 
below (Table 2).  
 
Table 2. Analysis of new 1H NMR chemical shifts, potential functional groups, observed product 
m/z and possible chemical formulas of ozonized products obtained from reacting various 
standards with ozone. 
 
Standard 
New 1H NMR  
Chemical 
Shifts (δ) 
Potential 
Functional 
Groups 
Observed m/z for 
Product 
Chemical 
Formulas 
of Product 
1-octadecanol 2.8 ppm 3.4 ppm 
Alkyl oxide 
Ketone N/A N/A 
Oleanolic 
Acid N/A TBD 
473.3659 [M +H]+ 
495.3481 [M +Na]+ 
 
999.6923 [M +Na]+ 
C30H48O4  
C60H96O10 
Quercetin 8.10 ppm 1.88 ppm 
Ketone 
Formate ester 211.0236 [M –H]
– C9H8O6 
Ferulic Acid 
Dry  
7.80 ppm 
8.20 ppm  Formate ester 
305.0415 [M +Na]+ 
439.0967 [M +H]+ 
C16H10O5 
C26H14O7 
Ferulic Acid 
Wet* 
7.80 ppm  
8.20 ppm Formate ester 289.0125 [M +H]
+ 
 
C17H4O5 
 
 
*Wet condition was simulated by adding one droplet of water into Teflon bottle 
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 Conclusion 
  We found that standards of 1-octadecanol, oleanolic acid, quercetin and ferulic acid all 
showed evidence of reaction when exposed to ozone. A combination of analytical techniques 
including 1H NMR, CRAFT NMR, HSQC NMR and HPLC-QToF-MS proved useful for 
detecting evidence of reactions by comparing the standards to their respective ozonized products. 
Chemical formulas predicted by the HPLC-QToF-MS Agilent Software and potential functional 
groups determined from the NMR spectra can be seen in Table 2. It is evident that selective 
compounds found in plant epicuticular waxes do react with ozone; however, the structures of 
these ozonized products are still to be determined with further experimentation and analysis.  
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 Future Work 
Currently, we are in the process of deducing possible structures for the products of 
ozonolysis and the mechanisms that could lead to those products. Additional analysis is needed 
for quercetin and ferulic acid to better understand the chemistry that is occurring for these 
compounds when reacting with ozone. In our current process, the samples have been analyzed by 
HPLC-QToF-MS by bypassing the column through a shunt in order to avoid contamination of the 
column and to more rapidly analyze samples. Methods are being developed to run the samples 
through the column in order separate the standard from the ozonized product. To help improve 
NMR analysis, the current method for the reaction of the standards with ozone needs to be 
modified so that enough product can be generated for bulk purification. With a purified product, 
the NMR will give a much better FID spectrum. The “clean” NMR spectrum of the product can 
then be compared to the standard NMR spectrum using CRAFT and HSQC. Additionally, another 
NMR technique called (H)PRESAT can be utilized for peak suppression of the standards. If the 
standard is run under wet conditions, another NMR technique called (H)wet1D can be used to 
suppress the water peak so that it does not overlay nearby peaks.  
For future work, we wish to quantify the amount of product formation when a known 
amount of standard is exposed to a controlled amount of ozone. One possible way to do this 
would be to use an internal standard, such as naphthalene, and allow that to react in the bottle 
with the standard and ozone. The ozonized product can then be analyzed by NMR with the peaks 
integrated to the internal standard.  We have done some preliminary studies with napthlene in the 
standard and demonstrated that naphthalene does not react with ozone (as expected).  It shows a 
strong, well-defined NMR spectrum but does not appear in the mass spectrum.  So, naphthalene is 
36 
 a suitable internal standard for quantification by NMR, but another standard will need to be 
found for quantification by mass spectrometry.  
We also wish to analyze the reaction of secondary alcohols with ozone. Percy et. al. 
described that they noticed opposing trends in secondary alcohols and fatty acids in Norway 
spruce needles when they were exposed to 2x ambient ozone, where the secondary alcohol 
composition decreased while fatty acid content increased.14 Because secondary alcohols are not 
readily available for purchase, it will be necessary to synthesize and purify the compounds before 
reacting them with ozone.  
Once it has been understood how the different standards behave individually when 
exposed to ozone, the next step will be to mix two standards together and examine if the products 
change. It will also be beneficial to see if the individual products can still by seen via NMR and 
mass spectrometry analysis when two standards are present. There is the possibility that these 
compounds will influence one another in their reaction with ozone, and thus different products 
will be observed. Eventually, the ultimate goal is to expose actual leaves to ozone, extract the 
epicuticular wax and analyze the wax components to see if we can identify the products based on 
how the standards reacted. Understanding the specific chemistry of these compounds in 
epicuticular waxes can ultimately lead to better regulation.  
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 Appendix A 
Molecular weight, molecular formula, and skeletal structure of various representative standards 
found in epicuticular waxes: 
Standard Structure 
 
1-octadecanol 
 
MW: 270.49 
CH3(CH2)17OH 
 
  
 
Palmitic acid 
 
MW: 256.42 
CH3(CH2)14COOH 
 
 
 
Oleanolic Acid 
 
MW: 456.70 
C30H48O3 
 
 
Flavanone 
 
MW: 224.25 
Formula: C15H12O2 
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Quercetin 
 
MW: 302.24 
Formula: C15H10O7 
 
 
Ferulic Acid 
 
MW: 194.18 
Formula: C10H10O4 
 
 
 
Methyl Decanoate 
 
MW: 186.29 
Formula: C11H22O2 
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 Appendix B 
Step-by-step to use CRAFT NMR  
To perform a CRAFT analysis on a cluster FID in the current workspace, make a study cluster.  
Select Tools > Study Clusters > New Cluster 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
43 
 Select Tools > Browser  
44 
 Double-click on the FIDs of interest and then press Cancel.  
 
 
 
 
 
 
 
 
 
45 
 Enter the name of the workspace in Cluster Name and then press Save cluster. 
 
 
 
Click on PROTON_specarray.vfs. 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
46 
 Click on CRAFT > Basic CRAFT Tools 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
47 
 Enter Workspace title name under Current CRAFT workspace.  
 
Use Setup > add/define ROI to highlight the region of interests (You will need to click this 
button each time you wish to add a new ROI) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
48 
 Once all of the ROIs have been selected, go to Analyze > Execute 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
49 
 To align cluster spectra, select Report > Cluster Spectral Alignment (tool) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
50 
 Use Alignment regions of interest (ROIs) > add/define ROI to highlight the region of interests
(You will need to click this button each time you wish to add a new ROI) 
 
Click Align spectra in the defined ROIs 
 
Press the Close button on the right hand side of the Spectral Alignment box  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
51 
 To obtain the amplitude report, select Report > Segment Amplitude (report) 
 
Click Alignment Table > Display Alignment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
52 
 To view the selected ROIs, click Alignment Table > Display ROIs 
 
To select the segments of interest, click Segment report generation > Segment > peaks over 
threshold   Hz segments 
 
Select the Treshold button on the toolbar on the right hand side 
 
Use your cursor to select the treshold line and move the line (any segments above the treshold line 
will be extracted).  
 
 
 
 
 
 
 
 
 
 
53 
 Click Segment report generation > Extract Amplitude 
 
To copy the data, select Segment report generation > Copy to desktop 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
54 
 Step-by-step to use HSQC NMR  
Click New Study 
 
Select Common > (HC)HSQCAD (a proton NMR will be added automatically) 
 
Double click on Study Queue > HSQCAD_001_day (8:18) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
55 
 Select Defaults > Acquisition Options > Scans per t1 Increment > 4  
 
Select Defaults > Acquisition Options > t1 Increments > 256  
 
To check run time, click Show time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
56 
 To shorten run time, select NUS > Enable non-uniform sampling (run time should be halved) 
 
Click Save 
 
Enter workspace title name and select location of sample, then click Submit 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
57 
 Appendix C 
Solvent system and expected m/z peaks for standards 
 
Standard HPLC-MS Solvent System m/z expected 
1-octadecanol 
 
100% MeOH 
 
[M+H]+ = 271.49 
[M+H – H2O]+ = 253.49 
[M+Na]+ = 293.49 
 
Palmitic acid 100% MeOH 
[M+H]+ = 257.42 
[M+H – H2O]+ = 239.49 
[M+Na]+ = 262.49 
 
[M – H]- = 255.42 
 
Oleanolic acid 100% MeOH 
[M+H]+ = 457.70 
[M+H – H2O]+ = 439.70 
[M+Na]+ = 462.70 
 
[M+H]- = 455.70 
 
Flavanone 50:50 ACN/ H2O 
[M+H]+ = 225.25 
[M+H – H2O]+ = 207.25 
[M+Na]+ = 247.25 
 
[M+H]- = 223.25 
 
Quercetin 100% MeOH 
[M+H]+ = 303.24 
[M+H – H2O]+ = 285.24 
[M+Na]+ = 325.24 
 
[M+H]- = 301.24 
 
Ferulic Acid 100% MeOH 
[M+H]+ = 195.18 
[M+H – H2O]+ = 177.18 
[M+Na]+ = 217.18 
 
[M+H]- = 193.18 
 
Methyl decanoate 100% MeOH 
[M+H]+ = 187.29 
[M+H – H2O]+ = 169.29 
[M+Na]+ = 209.29 
 
[M+H]- = 185.29 
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1H NMR of 1-octadecanol standard 
OH
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1H NMR of 1-octadecanol ozonized product 
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1H NMR of ferulic acid standard 
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1H NMR of ferulic acid dry ozonized product 
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1H NMR of ferulic acid wet ozonized product 
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Mass spectrum of ferulic acid standard (negative ion mode) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mass spectrum of ferulic acid dry ozonized product (negative ion mode) 
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Mass spectrum of ferulic acid wet ozonized product (negative ion mode) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mass spectrum of ferulic acid standard (positive ion mode) 
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Expanded mass spectrum of ferulic acid standard (positive ion mode) 
 
 
 
Mass spectrum of ferulic acid dry ozonized product (positive ion mode) 
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1H NMR of naphthalene standard 
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1H NMR of naphthalene ozonized product 
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1H NMR of naphthalene and ferulic acid standard 
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1H NMR of naphthalene and ferulic acid wet ozonized product 
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1H NMR of naphthalene and ferulic acid dry ozonized product 
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Mass spectrum of naphthalene standard (positive ion mode) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mass spectrum of naphthalene and ferulic acid dry ozonized product (positive ion mode) 
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1H NMR of oleanolic acid standard 
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1H NMR of oleanolic acid ozonized product 
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FID Cluster of oleanolic acid standard (1) and oleanolic acid ozonized product (2) 
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Mass spectrum of oleanolic acid standard (positive ion mode) 
 	  	  
 	  	  
 
 
 
 
 
 
 
 
 
 
Mass spectrum of oleanolic acid standard (negative ion mode) 
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Mass spectrum of oleanolic acid ozonized product (positive ion mode) 	  	  	  
 
 
 
 
 
 
 
 
 
 
 
 
 
Expanded mass spectrum of oleanolic acid standard (positive ion mode) 
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Expanded mass spectrum of oleanolic acid standard (positive ion mode) 
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1H NMR of quercetin standard 
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1H NMR of quercetin ozonized product 
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FID Cluster of quercetin standard (1) and quercetin ozonized product (2) 
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HSQC of quercetin standard 
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HSQC of quercetin ozonized product 
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Mass spectrum of quercetin standard (negative ion mode) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mass spectrum of quercetin ozonized product (negative ion mode) 
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1H NMR of palmitic acid standard 
O
OH
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1H NMR of flavanone standard 
O
O
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1H NMR of flavanone ozonized product 
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Mass spectrum of flavanone standard (positive ion mode) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mass spectrum of flavanone ozonized product (positive ion mode) 
